Introduction {#S0001}
============

Long non-coding RNAs (lncRNAs) are a class of transcribed RNAs with a length of more than 200 nucleotides that are commonly lack of protein-coding potential.[@CIT0001] Accumulating evidence suggests that lncRNAs are involved in multiple biological processes, including tumor initiation, metastasis, autophagy and chemoresistance.[@CIT0002] Dysregulated lncRNAs have been frequently observed in various diseases, including cancer, and have also been identified as valuable biomarkers for diagnosis and prognosis.[@CIT0003] Recently, several lncRNAs were reported to be capable of encoding for small peptide, such as LINC00961, LOC100507537 and LINC00948.[@CIT0004]--[@CIT0006]

Emerging evidence demonstrates that lncRNAs can act as a competing endogenous RNA (ceRNA) to regulate gene expression through decoying microRNAs (miRNAs).[@CIT0007] Plasmacytoma variant translocation 1 (PVT1) is a 1957 bp long intergenic non-coding RNA and located on human chromosome 8q24.21.[@CIT0008] Previous studies have shown that PVT1 is an important oncogenic lncRNA and highly expressed PVT1 correlates with poor outcomes in various types of cancer, including glioma, colorectal cancer, melanoma, small cell lung cancer and gastric cancer.[@CIT0009] Silence of PVT1 was reported to significantly inhibit proliferation, invasion and epithelial-mesenchymal transition via reducing miR-16-5p in renal cell carcinoma cells.[@CIT0010] In ovarian cancer, PVT1 up-regulated SOX2 expression to promote cell proliferation and invasion.[@CIT0011] These findings support a crucial clinical value for PVT1 in the development of useful biomarker and targeted therapy.

Oral squamous cell carcinoma (OSCC) is the sixth most common cancer worldwide with low cure rate and high mortality.[@CIT0012] Despite the substantial improvements in diagnosis and treatment approaches, 5-year survival rate still ranges from 45% to 50%.[@CIT0013] Cisplatin chemotherapy is commonly used for OSCC treatment, however the emergence of chemoresistance limits its long-term curative effect.[@CIT0014] In recent studies, up-regulated PTV1 was broadly implicated in multidrug resistance, including 5-fluorouracil, gemcitabine and cisplatin,[@CIT0015]--[@CIT0017] yet the roles of PVT1 in OSCC progression and cisplatin resistance still remain largely unknown.

In this study, we first examined the expression profile of PVT1 in OSCC patients and found PVT1 was frequently up-regulated in cisplatin-resistant patients and strongly correlated with worse overall survival. Mechanically, PVT1 increased HIF1a expression to promote proliferation and cisplatin resistance via down-regulating miR-194-5p. Taken together, these results provide a novel mechanism for PVT1 in OSCC.

Materials and Methods {#S0002}
=====================

Patients and Samples {#S0002-S2001}
--------------------

A total of 83 OSCC patients were enrolled at Binzhou Medical University Hospital between May 2010 and August 2015. The patients were treated with cisplatin prior to surgery. The patients' responses were classified as cisplatin-sensitive or cisplatin-resistant according to the Response Evaluation Criteria in Solid Tumors of World Health Organization. The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Binzhou Medical University Hospital (BMUH-2017-093). Written informed consent was obtained from all participants.

Cell Culture {#S0002-S2002}
------------

Human OSCC cell lines SCC9 and CAL27, and HEK-293T cells were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China) and cultured in DMEM (Gibico) with 10% FBS (Gibico) at 37°C under 5% CO2. Stable cisplatin-resistant cell lines SCC9-R and CAL27-R were established by continuous treatment with gradually increasing concentrations of cisplatin. To maintain the resistance, cisplatin (5 μM for SCC9-R and 7.5 μM for CAL27-R) was routinely added to the medium every other day before the experiments.

Oligonucleotide and Plasmid Transfection {#S0002-S2003}
----------------------------------------

miR-194-5p mimics, miRNA negative control (miRNA-NC), pcDNA-PVT1, si-PVT1, si-HIF1a and non-specific siRNA (si-NC) were designed and chemically synthesized by GenePharma (GenePharma, Shanghai, China). A concentration of 50 nM oligonucleotide or plasmid was transfected into cells using Lipofectamine 2000. After 48 h transfection, the cells were harvested for further experiments.

Cell Viability Assay {#S0002-S2004}
--------------------

Cells were seeded at a density of 2000 cells/mL per well into a 96-well plate overnight and treated with different concentrations of cisplatin (2, 4, 6, 8, and 10 µM) for 48 hrs. Then, 10 µL CCK-8 solution (Dojindo, Kyushu, Japan) was added to each well. After incubating for 2 h at 37°C, the absorbance at 450 nm was measured with a microplate reader (Biotek, Winooski, VT, USA). The IC50 value was calculated by the relative survival curve.

Cell Survival Assay {#S0002-S2005}
-------------------

Cells were seeded at a density of 2000 cells/mL per well in 96-well plates with 100 µL DMEM. CCK-8 assay was applied to measure cell proliferation daily for a consecutive 5 days as mentioned above.

Colony Formation Assay {#S0002-S2006}
----------------------

A total of 500 cells/mL per well were seeded into 6-well plates and exposed to cisplatin for 24 hrs. Then, the drugs were washed away and the medium was replaced every 4 days. After 14 days, colonies were fixed with methanol and stained with 0.1% crystal violet (Sigma-Aldrich, Steinheim, Germany) for 15 min, and the total number of visible colonies were counted.

qRT-PCR Analysis {#S0002-S2007}
----------------

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). For miR-194-5p, cDNA was synthesized using PrimeScript miRNA cDNA Synthesis Kit (TaKaRa, Shiga, Japan) and U6 served as an internal control. For PVT1 and HIF1a, cDNA was synthesized using PrimeScript RT Reagent Kit (TaKaRa) and β-actin served as an internal control. qRT-PCR assay was performed using SYBR Premix Ex Taq (TaKaRa) according to the instructions. The relative expression levels were calculated using 2^−ΔΔCT^ method.

Western Blot {#S0002-S2008}
------------

Cells were lysed in RIPA buffer and 30 μg of total protein lysates were separated by 10% SDS-PAGE, transferred to PVDF membranes (Millipore), blocked with 5% non-fat milk for 60 min at room temperature, incubated with antibodies against HIF1a (1:1000, Abcam) at 4°C overnight followed by horseradish peroxidase-labeled secondary antibody for 60 min at room temperature. β-actin served as the loading controls.

Luciferase Reporter Assay {#S0002-S2009}
-------------------------

The putative binding sequence of miR-194-5p in wild type (WT) or mutant (Mut) PVT1 and HIF1a 3ʹUTR (WT-PVT1, Mut-PVT1, WT-HIF1a 3ʹUTR and Mut-HIF1a 3ʹUTR) were synthesized by GenePharma and subcloned were into the pmirGLO vector (Promega, Madison, WI, USA). HEK-293T cells were co-transfected WT or Mut reporter with miRNA mimics or miRNA-NC. After 48 h transfection, luciferase activity was determined using a Dual Luciferase Reporter Assay Kit (Promega).

Statistical Analysis {#S0002-S2010}
--------------------

The mean ± standard deviation (SD) was used to show quantitative data from at least three independent experiments. One-way analysis of variance was applied to compare the difference between two groups. All tests were done with GraphPad Prism 5 software (GraphPad Software, Inc.). A p value \< 0.05 was considered to indicate a significant difference.

Results {#S0003}
=======

PVT1 Is Up-Regulated and Associated with Poor Prognosis and Cisplatin Resistance in OSCC {#S0003-S2001}
----------------------------------------------------------------------------------------

To investigate the functional role of PVT1 in the development of resistance to cisplatin, we first determined its expression profile in OSCC samples using qRT-PCR. Results showed that PVT1 expression level in cisplatin-resistant patients was higher than cisplatin-sensitive patients ([Figure 1A](#F0001){ref-type="fig"}). Besides, an unfavorable overall survival was observed in OSCC patients with high PVT1 expression ([Figure 1B](#F0001){ref-type="fig"}, P=0.015). To further validate the correlation of PVT1 with cisplatin resistance, two cisplatin-resistant cell lines SCC9-R and CAL27-R were generated. CCK-8 results showed SCC9-R (IC50= 13.56±0.87 µM) and CAL27-R (IC50= 16.43±1.08 µM) cells were more resistant to clinically doses of cisplatin (1--10 µM) compared with their parental cells ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). We observed the PVT1 expression level was also significantly up-regulated 2.58-fold and 3.18-fold in SCC9-R and CAL27-R cells, respectively ([Figure 1E](#F0001){ref-type="fig"}). These results indicate that PVT1 may promote OSCC progression through regulating cisplatin resistance.Figure 1PVT1 is up-regulated and associated with poor prognosis and cisplatin resistance in OSCC. (**A**) The level of PVT1 in cisplatin-resistant OSCC tissues and cisplatin-sensitive OSCC tissues. (**B**) Kaplan-Meier analysis of overall survival in OSCC patients according to PVT1 level. (**C**) CCK-8 assay analysis of cisplatin-resistance for SCC9-R cells and its parallel SCC9 cells. (**D**) CCK-8 assay analysis of cisplatin-resistance for CAL27-R cells and its parallel CAL27 cells. (**E**) The level of PVT1 in SCC9-R and CAL27-R cells and their parallel cells. \*P\<0.05, \*\*P\<0.01.

PVT1 Enhances OSCC Cell Proliferation and Cisplatin Resistance {#S0003-S2002}
--------------------------------------------------------------

To directly observe the effects of PVT1 on the OSCC progression, gain-of-function and loss-of-function assays were conducted in SCC9-R and CAL27-R cells. As shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, qRT-PCR assay was first performed to validate the efficiency of overexpression and knock-down. In both SCC9-R and CAL27-R cells, CCK-8 assay results showed overexpression of PVT1 significantly inhibited the proliferation compared with negative control, but an opposite effect was observed for silence of PVT1 ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Colony-formation assays confirmed that cells transfected with PVT1 siRNA have fewer colonies, and vice versa ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}). In both SCC9-R and CAL27-R cells, PVT1 overexpression exhibited greatly enhanced resistance to cisplatin compared with negative control ([Figure 2G](#F0002){ref-type="fig"} and [H](#F0002){ref-type="fig"}). Conversely, PVT1 knockdown prominently enhanced OSCC cell susceptibility to cisplatin.Figure 2PVT1 enhances OSCC cell proliferation and cisplatin resistance. (**A**) Effect of pcDNA-PVT1 on PVT1 level in SCC9-R and CAL27-R cells. (**B**) Effect of si-PVT1 on PVT1 level in SCC9-R and CAL27-R cells. (**C** and **D**) Cell survival rate of SCC9-R (**C**) and CAL27-R (**D**) cells transfected with pcDNA-NC, pcDNA-PVT1, si-NC or si-PVT1 simultaneously under cisplatin pressure examined with CCK-8 assay. (**E** and **F**) Colony formation ability of SCC9-R (**E**) and CAL27-R (**F**) cells transfected with pcDNA-NC, pcDNA-PVT1, si-NC or si-PVT1 simultaneously under cisplatin pressure examined with colony formation assay. (**G** and **H**) Cell proliferation ability of SCC9-R (**G**) and CAL27-R (**H**) cells transfected with pcDNA-NC, pcDNA-PVT1, si-NC or si-PVT1 simultaneously under cisplatin pressure examined with CCK-8 assay. \*P\<0.05, \*\*P\<0.01.

PVT1 Positively Correlates HIF1a {#S0003-S2003}
--------------------------------

According to previous studies, HIF1a was closely related to the OSCC cell proliferation and cisplatin resistance. We speculated that PVT1 might affect OSCC cell proliferation and cisplatin resistance through regulating HIF1a expression. qRT-PCR and Western blot were first performed to determine whether PVT1 could regulate HIF1a expression. We observed that both PVT1 overexpression and PVT1 knockdown could positively affect HIF1a mRNA and protein levels in SCC9-R and CAL27-R cells ([Figure 3A](#F0003){ref-type="fig"}--[C](#F0003){ref-type="fig"}). We also evaluated the profile of HIF1a in OSCC samples and found that HIF1a in cisplatin-resistant patients increased 2.78-fold compared with cisplatin-sensitive patients ([Figure 3D](#F0003){ref-type="fig"}). Pearson analysis revealed a strong positive correlation of HIF1a with PVT1 in OSCC samples ([Figure 3E](#F0003){ref-type="fig"}; R=0.6126; P\<0.0001). Kaplan-Meier survival analysis demonstrated that high mRNA expression level of HIF1a was significantly associated with poor outcome ([Figure 3F](#F0003){ref-type="fig"}, P=0.013).Figure 3PVT1 positively correlates HIF1a. (**A** and **B**) The HIF1a mRNA level in SCC9-R (**A**) and CAL27-R (**B**) cells transfected with pcDNA-NC, pcDNA-PVT1, si-NC or si-PVT1 detected using qRT-PCR. (**C**) The HIF1a protein level in SCC9-R and CAL27-R cells transfected with pcDNA-NC, pcDNA-PVT1, si-NC or si-PVT1 detected using Western blot. (**D**) The HIF1a level in cisplatin-resistant OSCC tissues and cisplatin-sensitive OSCC tissues. (**E**) Pearson correlation analysis between PVT1 and HIF1a in OSCC tissues. (**F**) Kaplan-Meier analysis of overall survival in OSCC patients according to HIF1a level. \*\*P\<0.01.

PVT1 Up-Regulated HIF1a via Interaction with miR-194-5p {#S0003-S2004}
-------------------------------------------------------

To elucidate the possible mechanism through which PVT1 promotes HIF1a expression, bioinformatics analysis including starBase, TargetScan and microRNA.org was used and miR-194-5p was identified as candidate miRNA that could bind to PVT1 and HIF1a 3ʹUTR ([Figure 4A](#F0004){ref-type="fig"}). The vectors containing WT or Mut putative binding sequences of HIF1a and PVT1 3ʹUTR were constructed. In HEK-293T cells, miR-194-5p mimics decreased the luciferase activity of WT vectors, but not Mut vectors ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}). As shown in [Figure 4D](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}, overexpression of PVT1 could reduce miR-194-5p level, but miR-194-5p mimics only down-regulated HIF1a expression and had no significant effect on PVT1 expression in SCC9-R and CAL27-R cells. We also observed a down-regulated level of miR-194-5p in cisplatin-resistant OSCC patients ([Figure 4G](#F0004){ref-type="fig"}). In addition, low expression level of miR-194-5p predicted a poor outcome ([Figure 4H](#F0004){ref-type="fig"}, P=0.004).Figure 4PVT1 up-regulated HIF1a via interaction with miR-194-5p. (**A**) The putative binding sites of miR-194-5p in the PVT1 and HIF1a 3ʹUTR predicted with starBase v3.0. (**B** and **C**) Luciferase reporter assay in HEK-293T cells, co-transfected of WT or Mut of PVT1 (**B**) and HIF1a 3ʹUTR (**C**), with miR-194-5p mimics or miRNA-NC. (**D**) The miR-194-5p level in SCC9-R and CAL27-R cells transfected with pcDNA-PVT1 or pcDNA-NC determined using qRT-PCR. (**E**) The PVT1 level in SCC9-R and CAL27-R cells transfected with miR-194-5p mimics or miRNA-NC determined using qRT-PCR. (**F**) The HIF1a level in SCC9-R and CAL27-R cells transfected with miR-194-5p mimics or miRNA-NC determined using qRT-PCR. (**G**) The miR-194-5p level in cisplatin-resistant OSCC tissues and cisplatin-sensitive OSCC tissues. (**H**) Kaplan-Meier analysis of overall survival in OSCC patients according to miR-194-5p level. \*\*P\<0.01.

PVT1 Promotes Cell Proliferation and Cisplatin Resistance via Up-Regulation of HIF1a {#S0003-S2005}
------------------------------------------------------------------------------------

To further determine the role of HIF1a in PVT1-dependent OSCC cell proliferation and cisplatin resistance, specific HIF1a siRNA or non-specific siRNA was co-transfected with pcDNA-PVT1 in SCC9-R and CAL27-R cells. The level of HIF1a was obviously reduced in cells transfected with si-HIF1a compared with si-NC ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). As shown in [Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}, knockdown of HIF1a could abolish the growth promotion of OSCC cells induced by PVT1 overexpression. Colony-formation assay results revealed that silence of HIF1a could decrease the number of colonies induced by PVT1 up-regulation ([Figure 5E](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"}). In addition, the increased cisplatin resistance in both SCC9-R and CAL27-R cells was impaired via HIF1a knockdown ([Figure 5G](#F0005){ref-type="fig"} and [H](#F0005){ref-type="fig"}). These findings suggest that PVT1 promotes OSCC proliferation and cisplatin resistance at least partly via increasing HIF1a expression.Figure 5PVT1 promotes cell proliferation and cisplatin resistance via up-regulation of HIF1a. (**A** and **B**) The HIF1a mRNA level in SCC9-R (**A**) and CAL27-R (**B**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with si-NC or si-HIF1a detected using qRT-PCR. (**C** and **D**) Cell survival rate of SCC9-R (**C**) and CAL27-R (**D**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with si-NC or si-HIF1a examined with CCK-8 assay. (**E** and **F**) Colony formation ability of SCC9-R (**E**) and CAL27-R (**F**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with si-NC or si-HIF1a examined with colony formation assay. (**G** and **H**) Cell proliferation ability of SCC9-R (**G**) and CAL27-R (**H**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with si-NC or si-HIF1a simultaneously examined with CCK-8 assay. \*P\<0.05, \*\*P\<0.01.

miR-194-5p Reverses PVT1-Induced OSCC Cell Proliferation and Cisplatin Resistance {#S0003-S2006}
---------------------------------------------------------------------------------

To further explore the potential role of miR-194-5p in PVT1-induced OSCC cell proliferation and cisplatin resistance, miR-194-5p mimics or miRNA negative control was co-transfected with pcDNA-PVT1 in SCC9-R and CAL27-R cells. As expected, miR-194-5p overexpression inhibited PVT1 overexpression-induced cell proliferation ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). As shown in [Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}, we observed that miR-194-5p mimics significantly suppressed colony formation compared with miRNA negative control. In line with these findings, the promotion of cisplatin resistance-modulated by PVT1 up-regulation was reversed when cisplatin-resistant cells were introduced into miR-194-5p mimics ([Figure 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). These data suggest that miR-194-5p is an important downstream of PVT1 to promote OSCC proliferation and cisplatin resistance.Figure 6miR-194-5p reverses PVT1-induced OSCC cell proliferation and cisplatin resistance. (**A** and **B**) Cell survival rate of SCC9-R (**A**) and CAL27-R (**B**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with miRNA-NC or miR-194-5p mimics examined with CCK-8 assay. (**C** and **D**) Colony formation ability of SCC9-R (**C**) and CAL27-R (**D**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with miRNA-NC or miR-194-5p mimics examined with colony formation assay. (**E** and **F**) Cell proliferation ability of SCC9-R (**E**) and CAL27-R (**F**) cells co-transfected pcDNA-NC or pcDNA-PVT1 with miRNA-NC or miR-194-5p mimics examined with CCK-8 assay. \*P\<0.05, \*\*P\<0.01.

Discussion {#S0004}
==========

Since first approved by FDA for the treatment of testicular and bladder cancer in 1978, cisplatin has been widely used for the treatment of solid tumors, including ovary, testes, and the head and neck.[@CIT0018] However, many patients develop resistance to cisplatin-based therapy which results in a high rate of non-response and relapse, especially in ovarian cancer.[@CIT0019] Chemoresistance has become the main limitation to the clinical usefulness of cisplatin as an anticancer drug and hence, understanding the molecular mechanisms of cisplatin resistance will help to the development of more efficient anticancer therapies.

In this study, we identified that PVT1 was up-regulated in OSCC cisplatin-resistant tissues and cell lines compared with cisplatin-sensitive tissues and cell lines, and high PVT1 level was significantly associated with poor overall survival. We also found that PVT1 overexpression enhanced OSCC cell proliferation, colony formation and resistance to cisplatin. These findings suggest that PVT1 functions as an oncogene in OSCC. Further investigations identified HIF1a is a crucial downstream gene of PVT1. We observed that high expression level of HIF1a in OSCC cisplatin-resistant tissues predicted a worse outcome.

HIF1a gene encodes the alpha subunit of transcription factor HIF1 that controls cellular and systemic homeostatic response to hypoxia.[@CIT0020] HIF1 can activate the transcription of dozens of genes and many of them have been identified to be involved in cell metabolism, cell survival and angiogenesis.[@CIT0021] Up-regulated HIF1a has been observed in several cancers, including esophageal, rectal, hepatocellular and nasopharyngeal carcinoma.[@CIT0022] Previous studies demonstrated HIF-1α was associated with OSCC overall survival and disease-free survival, and involved in tumor angiogenesis, growth, and radiochemotherapy.[@CIT0023],[@CIT0024] Further studies are needed to determine the underlying mechanism of how HIF1a regulates the downstream genes or signal pathways to promote OSCC proliferation and cisplatin resistance.

miR-194-5p was reported to be down-regulated in hypopharyngeal carcinoma, acute myeloid leukemia, bladder cancer and glioblastoma and functioned as a tumor suppressor.[@CIT0025]--[@CIT0027] Interestingly, Yang et al found that miR‑194‑5p was up-regulated in breast cancer tissues and silence of miR-194-5p inhibited cell proliferation and metastasis via targeting SOX17.[@CIT0028] Meanwhile, decreased miR-194-5p was implicated in sunitinib resistance in human renal cell carcinoma and paclitaxel resistance in ovarian cancer.[@CIT0029],[@CIT0030] These studies revealed a complex function and molecular basis of miR-194-5p, yet its role in OSCC still remains largely unknown.

We identified that miR-194-5p as a candidate miRNA that could directly target PVT1 and HIF1a 3ʹUTR. We also observed miR-194-5p was down-regulated in cisplatin-resistant OSCC tissues and low miR-194-5p level was related to unfavorable prognosis. Moreover, PVT1 overexpression obviously reduced miR-194-5p level and miR-194-5p mimics down-regulated HIF1a expression. Overexpression of miR-194-5p was observed to partly relieve the promotion of cisplatin resistance-modulated by PVT1. These data indicate that PVT1 acted as a ceRNA through interacting with miR-194-5p and indirectly up-regulating HIF1a. Except for ceRNA mechanism, lncRNAs can also execute biological functions as archetypes of signals, guides, and scaffolds. PVT1 drives triple-negative breast cancer tumorigenesis through binding with KLF5 and increases its stability via BAP1.[@CIT0031] In Cholangiocarcinoma, PVT1 regulates histone methylation of the promoter of ANGPTL4 to promote tumor growth and migration by binding to epigenetic modification complexes (PRC2).[@CIT0032]

Conclusion {#S0005}
==========

The present study for the first time revealed that PVT1 was up-regulated in OSCC cisplatin-resistant tissues and cell lines, and high PVT1 level was associated with poor prognosis. Furthermore, we also found that PVT1 promoted OSCC cell proliferation and cisplatin-resistance through miR-194-5p/HIF1a axis. PVT1 might be used as a new biomarker and therapeutic target for OSCC patients with cisplatin-resistance.
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